Background--Nitrate is a dietary component as well as an endogenously formed metabolite and source of the signaling molecule nitric oxide. Harmful as well as beneficial effects of nitrate have been advocated. Data regarding the prognostic relevance of plasma nitrate are limited. The aim of this study was to evaluate the prospective association of plasma nitrate with cardiovascular disease (CVD) and all-cause mortality.
of the interrelation of NO and nitrate metabolism is provided in Figure 1 . Over the past decades, the intensified use of artificial fertilizers and disposal of nitrate-rich dung from animal farming have been associated with a progressive increase in the dietary intake of nitrate in many parts of the world. 4, 5 The generation of nitrite and nitrate from NO has long been viewed as irreversible in mammals, but this view has been challenged by several independent studies demonstrating a significant (re-) conversion of nitrate to nitrite, and then to NO in animals and in humans. [6] [7] [8] Consequently, there has been a long-standing interest in the potential impact of nitrate on human health. Several reports have linked nitrate both to beneficial and to adverse effects on human health, ranging from the initial report on potentially beneficial cardiovascular effects of nitrate dating back to ancient China 9 to subsequent investigations emerging in the 1970s that linked high nitrate consumption with a greater risk of cancer. 5, 10 Whereas a causal role for nitrate in cancer remains uncertain, 5, 11 recent studies indicating possible beneficial cardiovascular effects rekindled interest in nitrate as a marker and potential mediator of cardiovascular risk and function. 7, 12, 13 In this regard, more recent reports have underscored a possible cardioprotective effect of nitrate, 11, 13 and official recommendations to limit nitrate intake have been called into question. 1 However, prior reports have largely been based on experimental data or short-term clinical observations. In humans on a regular diet, plasma nitrate represents a global measure of exposure to nitrate from endogenous and exogenous sources. To our knowledge, there are no prior reports relating circulating nitrate levels to health outcomes in the general population. 5, 10, 12, 14 Accordingly, we prospectively investigated the associations of plasma nitrate with incident cardiovascular disease (CVD) and all-cause mortality in a large community-based sample. We hypothesized that higher plasma nitrate levels are associated with a decreased risk of CVD and all-cause mortality.
Methods

Study Sample
The sixth examination cycle of the Framingham Offspring Study (1995) (1996) (1997) (1998) was attended by 3532 participants 15 and served as the baseline examination for the present investigation. Overall, 677 individuals were excluded from the survival analysis for the following reasons: serum creatinine >2.0 mg/dL (n=15), unavailable plasma nitrate (n=405), and missing covariates and outliers (n=257). After this, 2855 participants remained eligible and comprised our study sample for mortality analysis. For the analysis of incident CVD, we excluded 309 participants because of prevalent CVD. As previously described, 16 all participants provided a medical history and underwent a physical examination and laboratory assessment of cardiovascular risk factors. The institutional review board of the Boston University Medical Center and the ethics committee of the University of Erlangen-Nuremberg approved the study protocol. All participants provided written informed consent.
Determination of Nitrate
Nitrate was determined in plasma samples obtained from fasting participants at the sixth examination cycle using a gas chromatography-mass spectrometry based on a method previously described.
17-19
Chemicals and materials
Sodium nitrate, sodium 15 N-nitrate, and pentafluorobenzyl bromide were purchased from Sigma Aldrich (Steinheim) each at the highest purity available. Acetone (GC grade), toluene (GC grade), and water were purchased from Merck (Darmstadt). Bovine serum was purchased from Fiebig Animalblood Products (Idstein-Niederauroff).
Standard preparation
Stock solution was prepared by dissolving 68 mg of sodium nitrate in 100 mL of water (8 mmol/L). The calibration levels were prepared by spiking of bovine serum with different volumes of the stock solution to achieve final concentrations of 8 to 80 lmol/L. The stock solution of the internal standard was prepared by dissolving 34.4 mg of sodium 15 N-nitrate in 50 mL of water (8 mmol/L). Twohundred fifty microliters of the stock solution was diluted in 25 mL of water to obtain a working solution of the internal standard of 80 lmol/L.
Calibration procedure
The calibration was performed using 6 calibration levels. Additionally, identical bovine serum was used as a blank sample and was included in each analytical series. Linear calibration curves were obtained by plotting the quotients of the analyte's peak areas to the peak areas of the labeled internal standards as a function of spiked concentration.
Sample preparation
Plasma samples were thawed, equilibrated to room temperature, and vortex mixed. For analysis, an aliquot of 10 lL of
Clinical Perspective
What Is New?
• Major cardiovascular risk factors including smoking, diabetes mellitus, and reduced renal function are correlated with higher plasma nitrate levels.
• Higher plasma nitrate is associated with an increased risk of death.
• The observed association of nitrate and mortality may at least in part be attributable to the inverse correlation of plasma nitrate with renal function.
• Elevated plasma nitrate concentrations are not associated with the incidence of cardiovascular disease events.
What Are the Clinical Implications?
• Considering its complex association with other risk factors, nitrate may be a risk marker rather than a cause of mortality.
• The clinical setting as well as the major source(s) and cause(s) of elevated plasma nitrate have to be considered when assessing the association of nitrate and clinical outcome.
• Associations of fasting plasma nitrate with clinical outcome should not be confused with clinical effects of nitrate supplements.
• Only long-term randomized double-blind placebo-controlled nitrate supplementation studies will be able to settle the issue of causality as well as the harms and benefits of nitrate supplementation.
plasma and 10 lL of the internal standard working solution were transferred into a 1.8-mL glass vial and were vortex mixed. Two-hundred fifty microliters of acetone were added to the mixture and vortex mixing was performed immediately. Three microliters of pentafluorobenzyl bromide were added to the mixture and the vial was subsequently sealed and vortex mixed. Then the sealed vials were incubated at 50°C for 1 hour. Subsequently, the reaction mixture was concentrated under a gentle stream of nitrogen to dryness. Toluene (600 lL) was added to the residue and resolution was performed by vortex mixing. The samples were kept at a temperature of 4°C and centrifuged for 5 minutes at 400g. Two-hundred microliters of the supernatant were transferred into a 0.2-mL GC microvial for gas chromatography-mass spectrometry analysis.
Gas chromatography-mass spectrometry
Analytical determination was performed on gas chromatography-mass spectrometry, consisting of an Agilent 7890A gas chromatograph equipped with a split/splitless injector and an Agilent 5975 C quadrupole mass spectrometer with chemical ionization source installed (Agilent Technologies). A sample volume of 1 lL was injected into the inlet assembly in splitless mode with purge flow to vent after 1 minute and an injector temperature of 200°C. For gas chromatographic separation, a 14% cyanopropylphenyl polysiloxane low bleed capillary column (VF 1701 ms, 60 m9250 lm90.25 lm) (Varian Inc) was used at a constant flow of 1.2 mL/min helium carrier gas. The initial column temperature of 85°C was held for 12 minutes, then raised at a rate of 25°C/min to 160°C (ramp time 1 minute), then raised at a rate of 10°C/min to 200°C and subsequently raised at a rate of 30°C/min to 270°C, remaining at this level for 1 minute. The temperature of the transfer line was set to 280°C. The ion source was operating at À70 eV, at a temperature of 150°C. The mass selective detector was adjusted to 150°C quadrupole temperature. Ionization was performed in the negative chemical ion using methane as reaction gas (flow rate ratio 40%). For detection, the mass spectrometer was working in the selected ion monitoring mode. For the detection of the nitrate derivative, the ion of 62.1 m/z was detected (retention time: 7.04 minutes). The monitoring of the internal standard was conducted at 63.1 m/z (retention time: 7.05 minutes).
Quality control
Quality-control materials were prepared by spiking bovine serum with sodium nitrate to achieve a nitrate concentration of 49 lmol/L. The quality-control material was divided into aliquots of 100 lL and stored at À18°C. coefficient of variation of 6.23% was estimated for the precision between series.
Clinical Outcomes
All participants were followed for incident major CVD events and all-cause mortality. CVD was defined as presence or history of coronary heart disease (myocardial infarction, coronary insufficiency, angina pectoris), peripheral vascular disease (intermittent claudication), cerebrovascular disease (stroke or transient ischemic attack), or heart failure. As previously described, major CVD events included fatal or nonfatal coronary heart disease, stroke or transient ischemic attack, intermittent claudication, or heart failure. 20 
Statistical Analysis
Since the distribution of plasma nitrate values was right skewed, values were natural logarithmically transformed to normalize the distribution. We used multivariable linear regression to evaluate the cross-sectional clinical correlates of plasma nitrate. The candidate variables included in this analysis were age, sex, body mass index (BMI), systolic and diastolic blood pressure, hypertension treatment, ratio of total to high-density lipoprotein cholesterol, glomerular filtration rate, serum triglycerides, fasting blood glucose, diabetes mellitus status, smoking status, CRP (C-reactive protein), and alcohol consumption. We used the Chronic Kidney Disease Epidemiology Collaboration equation to calculate the estimated glomerular filtration rate (eGFR). 21 We confirmed that the assumption of proportionality of hazards for both outcomes (major CVD and mortality) was not violated and then used Cox proportional hazards models to relate plasma nitrate concentrations to the incidence of CVD events and to death (both outcomes considered separately) and adjusted for age, sex, BMI, systolic blood pressure, antihypertensive medication, smoking, diabetes mellitus, ratio of total cholesterol to high-density lipoprotein cholesterol, heart rate, and high alcohol consumption. Analysis of all-cause mortality additionally adjusted for prevalent CVD, CRP, and eGFR. We also created tertiles of nitrate and used KaplanMeier plots to graphically present the survival time for each tertile. Data are given as mean+standard deviation unless otherwise indicated. P<0.05 was considered statistically significant.
Results
The baseline characteristics of our study samples are presented in Table 1 . Our analyses included middle-aged to older participants with a BMI in the overweight range. 
Cross-Sectional Correlates of Plasma Nitrate
As shown in Table 2 , plasma nitrate was positively related to smoking, antihypertensive medication, high alcohol consumption, and diabetes mellitus, whereas it was inversely related to eGFR. These clinical variables explained 4.2% of the interindividual variation of plasma nitrate. Of note, BMI and CRP were not statistically significantly associated with plasma nitrate concentrations.
Relationship of Plasma Nitrate to All-Cause Mortality
During a median follow-up of 17.3 years, 775 of 2855 participants died (including 332 women). The unadjusted cumulative incidence of all-cause mortality increased by tertile of plasma nitrate ( Figure 2 ). Baseline characteristics for tertiles of plasma nitrate are shown in Table 1 . In a Cox regression model adjusting for standard risk factors, elevation of plasma nitrate was associated with an increased risk of death ( 
Relationship of Plasma Nitrate to CVD Incidence
Of 2546 participants free of CVD at baseline, 522 developed incident CVD (258 in women) during a median follow-up of 16.5 years. Adjusting for major cardiovascular risk factors, we did not observe any statistically significant association between plasma nitrate and incident CVD (Table 3) .
Discussion
To our knowledge, the present investigation provides the first large-scale and long-term prospective analysis relating plasma nitrate (assayed with a highly sensitive method) to CVD incidence and mortality in the community. Our principal findings in a community-based sample of elderly and overweight participants are 4-fold:
First, major cardiovascular risk factors including smoking, diabetes mellitus, and reduced renal function are correlated with higher plasma nitrate levels. Second, higher plasma nitrate is associated with increased risk of death in the general population. Third, the observed association of nitrate and mortality may at least in part be attributable to the inverse correlation of plasma nitrate with renal function. 21 Fourth, elevated plasma nitrate concentrations are not associated with the incidence of CVD events in a statistical model that includes the main risk factors. induced no clinically relevant fluctuations or differences in the plasma nitrate concentration. 25 However, specific nitrateenriched diets or intake of dietary supplements corresponding to nitrate doses above 300 mg may lead to significant fluctuations and increases in plasma nitrate, with peak concentrations reached after %1 to 3.0 hours. Nitrate metabolism by the oral and gastrointestinal microbiome also has to be considered. 8, 27, 33 In clinical studies, the major part of the oral and gastric microbial nitrate metabolism to nitrite, and possibly NO, was observed shortly after ingestion. 8, 27 However, despite a steep rise in plasma nitrite, the effects in absolute terms on plasma nitrate are limited. 7, 8 It appears that the nitrite is either rapidly reconverted back to nitrate or only a small fraction of the ingested or salivary nitrate is actually converted to nitrite. Endothelial NOS, inducible NOS, and neuronal NOS all contribute to endogenous NO synthesis. Under physiological conditions, the major proportion of endogenous NO generation is generally attributed to endothelial NOS. Based on the highly sensitive 18 oxygen inhalation method, the rate of total endogenous NO synthesis in men is 0.6 to 0.7 mmol (corresponding to 37-43 mg nitrate)/24 h (%0.4 lmol/kg per hour). 30 The endogenous NO synthesis may increase substantially under several conditions such as exercise or high-altitude hypoxia. 34, 35 Experimental data suggest that the plasma nitrite concentration may provide a more specific measure of acute endogenous NO signaling than nitrate. 36 However, with respect to sampling issues, plasma nitrate can be considered much more stable (relative to nitrite) with its longer half-life and its 20-to 100-fold higher plasma concentration. 19 In humans on an unrestricted diet, the dietary intake accounts for about 25% to 50% of fasting plasma nitrate. 27, 37 The extent to which the plasma nitrate concentration represents exogenous (diet) versus endogenous (NO synthesis) sources may also depend on the timing of blood sampling. The half-life of ingested nitrate is estimated to be about 5 hours 1, 26 ; therefore, plasma nitrate levels measured after an overnight fast in individuals without overt renal failure should represent the trough levels of systemic exposure to dietary nitrate. 38 Supplementation studies with stable isotope labeled nitrate indicate that renal elimination accounts for 55% to 60% of total nitrate clearance, up to 35% appear to be metabolized, and a small fraction is excreted with the feces. 27, 39, 40 An inverse relationship of plasma NOx and nitrate levels and renal function has previously been noted 39, 41 and was confirmed in several studies performed under controlled dietary nitrate intake in patients with different degrees of chronic renal impairment. [42] [43] [44] In these studies, patients with renal impairment had elevated plasma NOx levels. These data are not unchallenged as some other studies report that NOx remains unchanged or even declines in renal failure. 45, 46 Moreover, net endogenous NOx generation may actually be lower in renal failure. 44 Taken together, these partly conflicting observations indicate that the relationship of nitrate on renal failure may be complex. As a small molecule nitrate is freely filtered at the glomeruli, but a large proportion of it appears to be reabsorbed by the renal tubuli, 47 resulting in an observed renal clearance of %20 mL/min healthy humans. 48 Sepsis is frequently cited as an example for a state of enhanced endogenous NO synthesis attributable to induction of iNOS in an inflammatory state. 49, 50 Stable isotope tracer studies indicate, however, that the observed rise in plasma NOx in patients with hypotensive sepsis may be largely attributable to an impairment of renal function. 51 With respect to the observed cross-sectional correlations of plasma nitrate and common cardiovascular risk markers, the associations Models for all-cause mortality were further adjusted for history of cardiovascular disease (CVD). CI indicates confidence interval. *Adjusted for age, sex, body mass index, systolic blood pressure, antihypertensive medication, smoking, diabetes mellitus, total to high-density lipoprotein cholesterol ratio, heart rate, and high alcohol consumption (>14 drinks per week for men and >7 drinks per week for women), and C-reactive protein.
Factors Correlating With Plasma Nitrate
reported in the literature have been inconsistent. Different stages of disease or duration of exposure may offer a simple explanation. The methods that have been used to determine nitrate levels and/or NOx concentrations also have to be considered. [52] [53] [54] Frequently, investigators measured NOx based on the Griess method, which may somewhat limit the comparability with results that are based on assaying plasma nitrate by mass spectrometry. Furthermore, in the literature, correlates of plasma nitrate are frequently provided without further adjustments. In contrast, we present only variables that were retained as significant in the multivariable linear regression model. Cigarette smoke contains NO(x), thus an increase in plasma nitrate would be in line with experimental data, 55 yet some previous studies reported no or even an inverse correlation of smoking and plasma nitrate. 52 Consistent with our findings, however, previous studies noted an association of higher plasma nitrate levels with a greater prevalence of standard cardiovascular risk factors. 56 The present data are also compatible with studies indicating an increased NO production after alcohol consumption. 57 In contrast, we observed no significant correlation of plasma nitrate and CRP. This does not preclude an association of nitrate and inflammation in general. The contribution of inflammation and inducible NOS-mediated NO synthesis to plasma nitrate may simply require more extreme clinical conditions, such as sepsis, to become relevant. However, extreme forms of inflammation may differ in their effects on NO synthesis from inflammation observed in the context of other diseases diverse with chronic but lower level inflammation such as rheumatism, chronic viral infections or inflammatory bowel disease.
Plasma Nitrate and Health Outcomes
Prior studies evaluating long-term nitrate-related health outcomes in the general population mainly focused on cancer and typically did not measure circulating plasma nitrate concentrations but rather calculated the individual nitrate exposure based on diet questionnaires. 5, 10, 14, 24 Yet, after many years of research, there is no unequivocal evidence of a causal association between dietary nitrate exposure and cancer risk, as a key concern of earlier studies. 10, 11, 13 In contrast, based on recent data from animal experiments 13, 58 and short-term clinical studies showing beneficial cardiovascular effects of nitrate supplementation, 7, 12, 59, 60 opinions have turned in the opposite direction questioning the official recommendations and efforts to limit oral nitrate intake. 11, 58, 61 Based on our data, we would like to underscore the need for caution on both sides of this debate, especially when considering that conclusive data regarding the longterm impact of pharmacological use of inorganic or organic nitrates (ie, NO donors in general) on health outcomes in the general population are still lacking. 62 We looked at the long-term prognosis associated with endogenous levels of nitrate in relation to hard clinical end points, which is different from benefits of short-term nitrate supplementation in interventional studies on surrogate outcomes. Still, the observed lack of association of plasma nitrate with CVD outcome in the general population was not necessarily to be expected based on the mostly positive data from the nitrate supplementation studies. 1, 7, 12, 13, 58, 63 However, the only other population-based study that provided data on cardiovascular end points also observed no association of NOx and future cardiovascular events. 52 But that study relied on NOx as determined by the Griess method and the authors concede that the analysis was underpowered (995 men with 15 events during follow-up) to establish or exclude an association of NOx and CVD. The lack of association of plasma nitrate and incident CVD observed in our analysis is actually also compatible with the lack of geographical association that becomes evident when comparing the respective maps of environmental nitrate exposure and CVD mortality in the United States. 64, 65 Moreover, considering the absence of a direct association of nitrate with CVD, nitrate is more likely a marker than a mediator of clinical outcomes, including mortality. In this respect, the associations of plasma nitrate with numerous other diseases and functionally active biomarkers or the composition of the individual (gut) microbiome remains to be elucidated. It should also be noted that the association of plasma nitrate and mortality observed in the present analysis might at least in part be attributable to its direct association with eGFR (ie, renal function) because adjustment for the latter attenuated the association with mortality. However, it is conceivable that incorporating eGFR into the multivariable model may represent an overadjustment, given the close correlation of plasma nitrate and eGFR. It is still possible that elevated plasma nitrate may be along the causal path from a lower eGFR to greater mortality hazard. Moreover, if the association of nitrate and mortality is primarily attributable to nitrate acting as a marker of renal function, one would expect to observe a similar association of plasma nitrate and CVD events. With respect to health outcomes, it is likely that the mechanism leading to an increase of plasma nitrate (septic inflammation, physical exercise, ample ingestion of green vegetables, pharmacological nitrate donors, cigarette smoking, or impaired renal function) is important. In other words, elevation of plasma nitrate as such has to be distinguished from elevation of nitrate by specific supplements or diets. Recent data from 536 969 participants in the NIH-AARP Diet and Health Study indicate that the specific dietary source of nitrate could indeed be important, as a high dietary intake of nitrate from processed meat was associated with all-cause mortality. 66 However, that study does not permit conclusions regarding other sources of nitrate, as nitrate intake from processed meat made up only a fraction of the total dietary nitrate intake from other sources. Only long-term randomized double-blind placebo-controlled nitrate supplementation studies will be able to settle the issue of causality as well as harms and benefits of nitrate supplementation.
Strengths and Limitations
It is a major strength of our investigation that we measured plasma nitrate concentration using a highly specific mass spectrometric method in a well-characterized communitybased sample with long longitudinal follow-up. A sample of elderly participants with an elevated BMI does not represent the whole US population. The associations of nitrate with outcome and risk markers may significantly differ in younger or less overweight persons in the US population, especially in those with different dietary habits such as vegetarians. Different dietary habits represent diverse sources of nitrate and may result in different cardiovascular risk and mortality profiles. Participants with significant impairment of renal function were excluded (based on a serum creatinine threshold of 2 mg/dL) from our investigation because we focused on correlates of plasma nitrate in the general population. While it may be tempting, the present assessment of fasting plasma nitrate does not permit any inference regarding the harms and benefits of nitrate supplementation. Furthermore, by its design, the present study does not allow causal inferences based on the associations observed. Additional investigations are required to differentiate the relative contributions of protective (endothelial NO synthesis) and detrimental (smoking and renal impairment) factors to circulating plasma nitrate levels. In order to eliminate the effect of diet on plasma nitrate, several days of a standardized low nitrate diet prior to blood sampling would be required, which is beyond the scope of large population-based cohort studies. Alternatively, infusion of stable isotope labeled 15 N-Larginine offers the principal possibility to selectively determine endogenous NO synthesis-related generation of nitrate, 18 but this is also not feasible in large communitybased cohort studies. Plasma nitrate represents a combined measure of its dietary intake, endogenous generation, elimination, and availability for (re-) conversion to the more active metabolites. Depending on the timing of its measurement, the dietary or the signaling/metabolic aspect may dominate. To gauge the impact of diet and/or the microbiome on plasma nitrate and nitrate-related outcome, it would be of interest to compare the predictive power of fasting and postprandial nitrate as well as individual long-term average plasma nitrate or 24-hour urinary nitrate excretion.
Conclusions
Our investigation reports the first community-based data indicating an association of plasma nitrate with total mortality. This association with mortality appears to be modulated by renal function. While nitrate was positively associated with several cardiovascular risk factors in cross-sectional analyses, it was, however, not associated with incident CVD. Nevertheless, in the general population, possible benefits from reconversion of elevated nitrate to NO may frequently be outweighed by the adverse clinical conditions causing the elevation of nitrate. Nitrate may simultaneously act as both a marker and a player. Overall, plasma nitrate is more likely a marker of multiple distinct physiological and pathophysiological processes than a direct mediator of mortality. Determination of nitrate across different populations and clinical settings will help to identify these yet unknown pathomechanisms.
